One contribution of 14 to a theme issue 'Raman spectroscopy in art and archaeology'. Raman spectroscopy has grown to be one of the techniques of interest for the investigation of art objects. The approach has several advantageous properties, and the non-destructive character of the technique allowed it to be used for in situ investigations. However, compared with laboratory approaches, it would be useful to take advantage of the small spectral footprint of the technique, and use Raman spectroscopy to study the spatial distribution of different compounds. In this work, an in situ Raman mapping system is developed to be able to relate chemical information with its spatial distribution. Challenges for the development are discussed, including the need for stable positioning and proper data treatment. To avoid focusing problems, nineteenth century porcelain cards are used to test the system. This work focuses mainly on the post-processing of the large dataset which consists of four steps: (i) importing the data into the software; (ii) visualization of the dataset; (iii) extraction of the variables; and (iv) creation of a Raman image. It is shown that despite the challenging task of the development of the full in situ Raman mapping system, the first steps are very promising.
Introduction
Archaeometrical research has grown intensively during the last decades and a trend can be observed to minimize sampling, based on ethical reasons. Owing to the development of more sensitive equipment, sample size could be reduced. Moreover, recently, the wide development of non-destructive approaches using mobile instrumentation (Raman spectrometers, infrared devices, X-ray fluorescence equipment, etc.), allowing for in situ investigations, makes sampling often unnecessary [1, 2] . As interest in archaeometrical science is still increasing, innovative approaches are needed.
In situ methods are indispensable in the research of cultural heritage. Raman spectroscopy is a molecular spectroscopic approach that has many advantageous properties for the study of cultural heritage objects. These positive features include excellent spatial resolution and the ability to perform in situ studies. Several publications can be found on on-site, molecular examination of mediaeval wall paintings, museum objects, geo-biological samples and so on [3] [4] [5] [6] . In these cases, point measurements are performed on the objects. This punctual analysis has some limitations that need to be taken into account. One of the main risks is the failure to represent the heterogeneity and complexity of materials or potential degradation phenomena present on the surface of art objects [7] . Until now, only laboratory micro-Raman mapping systems have shown to be very useful for resolving these problems. Quaranta et al. [8] have shown that a Raman mapping system can be useful to represent the heterogeneity of corroded high-leaded bronzes. Not only the investigation of degradation processes using mapping experiments is of interest, but also the study of pigment materials is an important research topic [9] . It has been demonstrated how impurities can be linked to their spatial distribution in historical zinc-based white pigments using laboratory instruments [10] . As for the complexity of materials, Raman maps with high spatial resolution were able to provide information of pigment distribution in painting cross sections [11, 12] . However, this sampling method has a major drawback: only information of limited areas of a total panel painting is obtained. Therefore, we aim to combine the excellent spatial resolution of the approach with its ability to be applied in situ, allowing for a virtually unlimited size of the art object.
In all mentioned cases, it is illustrated that laboratory Raman mapping systems are an ideal tool for imaging molecular distributions. However, these experiments also have their constraints [11, 13, 14] . As the investigated object is moved step by step under the microscope using an XYZ stage, the main limitation is the restriction of the sample size: the object has to fit under the microscope and should be sufficiently flat, even if an autofocus system is present [13] . In this project, we want to implement this approach for use outside the laboratory and use it in situ. Challenges for the development of an in situ Raman mapping system are discussed. Although the focus of this paper mainly lies on the data treatment which is important for the creation of a Raman map, also hardware and software will be explained, as a suitable set-up and software are essential for the in situ Raman mapping system.
Experimental procedure (a) Instrumentation
For the development of an in situ Raman mapping system, a portable Raman spectrometer, EZRAMAN-I-DUAL Raman system (TSI Inc., Irvine, CA, USA) is adjusted. The fibre-optic-based device is equipped with two types of laser, a red diode laser (785 nm, 400 mW) and a green Nd:YAG laser (532 nm, 100 mW). The instrument allows us to record Raman spectra in the spectral ranges of 100-2350 cm −1 and 100-3200 cm −1 for the red and green laser, respectively. The Raman spectrometer also consists of an adjustable power controller for each laser, a CCD detection system and the probeheads are equipped with three interchangeable lenses: a standard lens (STD), a long working distance lens (LWD) and a high numerical aperture lens (HiNA). For safe positioning, in the current experiments, the LWD lens is selected, which has a focal distance of 15 mm. Further specifications can be found in [15] .
In order to map accurately a region of interest, good positioning equipment is foreseen. The set-up used for direct analysis is shown in figure 2 . The probeheads are mounted on an articulating arm [16] using an in-house developed clamp [5] In situ Raman mapping set-up, developed in-house. The porcelain card is horizontally positioned on a table, the system is focused and the probehead can move in a horizontal plane above the artefact.
can be performed by changing the position of the XYZ mounting stage by means of programme controlled step motors, introduced by Vandenabeele et al. [16] .
(b) Samples
Objects with irregular surfaces are difficult to map and pose a problem focusing the system. To avoid this issue during this phase of development, nineteenth century porcelain cards are used (figure 1) as these are flat. Porcelain cards were used as publicity cards or for announcements in the nineteenth century. They consist of cardboard that is first covered with a layer of lead white and then decorated by hand using pigments such as vermillion, chrome yellow, red lead, lead white, Prussian blue, etc. [17] . Historical details of these cards are described elsewhere [17] . 
Results and discussion (a) Development of a Raman mapping system
The development of a Raman mapping system is not straightforward. Several critical parameters are of importance: (i) focusing; (ii) stable positioning system; (iii) software for controlling the movements and data acquisition; and (iv) data-processing procedures to create the Raman map.
The first factor 'focusing' is critical, as a defocused laser beam does not yield high-quality Raman spectra. Raman scattering is inherently weak: misfocusing leads to low signal-to-noise (S/N) ratio Raman spectra and thus characteristic Raman bands can be masked by the noise [18] . The laser beam is focused on the surface of the artefact by changing the distance between the probehead and the object of art. Different approaches can be used, such as measurement of the distance towards the surface (profilometry) [19] , or by evaluating the spectral response. It needs to be mentioned that not only the defocused beam is a major issue in the Raman analysis of art objects. Samples such as oil paintings have the problem of being covered by a layer of varnish. The mentioned approaches can lead to focusing on this top layer instead of the layer of interest. Nevertheless, using objective lenses with a relatively large depth of focus, the influence of focusing can be reduced [20] . The focusing problem when performing Raman mappings is well described in [21] . However, solving this problem is currently out of the scope of our research, and, therefore, to avoid this problem, porcelain cards are appropriate test cases for the current work because of their flat surface.
To be able to perform Raman mappings, an accurate and stable positioning system needs to be created. In cultural heritage research, many of the analysed objects are fragile, difficult to manipulate or too large to handle, and, therefore, it is easier to move the instrument probehead relative to the artefact instead of moving the art object. Owing to the beneficial presence of the fibre-optic probeheads, a system can be developed as such that these can be moved relative to the object in a horizontal or vertical way. To make this operation feasible, a stable motorized stage is designed (figure 2). Thus, the (flat) porcelain card is horizontally positioned on a table, the system is focused and the probehead can move in a horizontal plane above the artefact.
The set-up can be operated by the in-house developed software which allows control on the one hand of the movements of the stepper motors (for stable and reliable positioning) and on the other hand of the data acquisition. Both functions need to be well coordinated to be sure that the data recording of each spectrum is properly positioned. When performing a mapping experiment, typically a large number of spectra are recorded consecutively, and the measurement time per spectrum is kept as low as possible (in these experiments, typically three accumulations of 5 s). Moreover, the software also allows for correct spectral calibration of the spectral data [15] .
The large number of spectra in a Raman map has not only an influence on the data acquisition, but also on the post-measurement data processing. A Raman map typically is composed of hundreds to thousands of spectra and manual examination of every spectrum is impossible. Therefore, a well-structured data-processing protocol is needed.
(b) Protocol for the creation of a Raman map
Our data-processing protocol consists of four essential steps: (i) importing the data in the software; (ii) visualization of the dataset; (iii) extraction of variables of interest; and (iv) creation of a Raman image.
Correctly importing the spectra into the software (Matlab) is evidently a crucial step: the spectra need to be accurately read and linked to their x, y coordinates to create the appropriate Raman map. In a second step, it is convenient to be able to visualize the spectral data. Thus, the analyst is able to see the spectral quality, and to observe the different types of spectra that are present, to assist in selecting the variables of interest. Spectra can be plotted in a three-dimensional plot, the average spectrum can be plotted or one can examine all the spectra separately ( figure 3) .
Creating an average spectrum can be useful when degradation phenomena are investigated: a direct evaluation can be made whether degradation processes occurred. It has to be remarked that making a three-dimensional plot is not always the best option when dealing with large datasets, as creating such a plot requires quite some computing time and small details are not easily observed in the large plot containing many spectra. Before extracting the variables of interest, sometimes a spectral pretreatment can be useful, as the spectral signal may originate from different processes (Raman scattering, cosmic rays, fluorescence, etc.). Moreover, because of the large number of spectra, they are typically recorded using short measurement times, and the spectral quality (S/N ratio) is often rather poor. Preprocessing functions, such as baseline correction, smoothing or taking the derivative can assist in avoiding these interferences.
After visualization of the spectra and appropriate spectral preprocessing, the data for Raman mapping can be selected. It is possible to choose for univariate processing if spectral regions of interest are known. On the other hand, when using multivariate methods, the whole spectrum is used for the data extraction.
Univariate analysis monitors one variable per spectrum. Different extraction methods are illustrated in figure 4a. The selection of the method depends on the research question. In most of the cases, the selected variable corresponds to the Raman band intensity at a specific wavenumber. This approach can eventually be fine-tuned or modified by performing a (local) baseline correction, or by selecting the maximum or average intensity over a small window (to diminish the influence of slight shifts in the Raman spectrum). For other applications, it can be of interest to study the exact Raman band position, as these can eventually indicate some degradation phenomena (e.g. photodegradation of realgar) or stress factors (e.g. in polymers used in contemporary art). The functions EPos or ENpos determine a specific Raman wavenumber within the region of interest and can result in important information about the ongoing degradation. To demonstrate the success of univariate extractions, a Raman mapping has been performed on a 1.2 × 1 cm region on one of the porcelain cards. The characteristic band of lead white (2PbCO 3 ·Pb(OH) 2 ) at 1050 cm −1 has been selected for processing to be able to create the Raman map. Figure 4b represents the result of different extraction methods. The approaches are illustrated in figure 4a and they are described in more detail in table 1. It seems that in this particular case the functions ENet and ENArea deliver the best results.
Multivariate processing takes the entire spectrum into account instead of a single value. This approach can be of interest, if many low-quality spectra are present, for instance when very short measuring times per spectrum were used. If the S/N ratio is low, but sufficient to discriminate between different types of spectra/materials, cluster analysis can be used to group similar spectra. Once good classification is achieved, representative spectra of each group can be examined and identified. It is even possible to average all the spectra of the same cluster, to obtain a better S/N ratio, as thus the influence of shot noise is reduced.
The possibility of multivariate analysis in this work is based on K-means clustering. Opposite to hierarchical methods, the number of clusters needs to be defined beforehand. The clustering calculates the city block distance (i.e. the sum of absolute differences, equation (3.1)) between the centroid and the individual spectra [22, 23] . By using the K-means clustering algorithm, each spectrum is assigned to one of the clusters, and the selected variable corresponds to the number of the cluster.
The last step in data treatment is the actual creation of the Raman map. This basically corresponds to colour-coding the selected variable and plotting it according to the coordinates on the map. For this, a function is created to simply map the data series in a two-dimensional plot using these extracted data.
A It is clear that the introduced mapping processing method is very successful. When an in situ Raman mapping system is considered, not only the processing of this large dataset is of importance. It can be reasoned that the measurement area of interest (on an art object) can be large in size. As the access to the material is often limited, it needs to be tested if in a short acquisition time good Raman images can be obtained. For this purpose, an area of 50 × 30 points, where both vermillion and Prussian blue are present, is mapped with the 785 nm laser. This area is analysed two times, once with a measurement time of three accumulations of 3 s each and once of one accumulation of 1 s ( figure 6 ). Both the single variable Raman images of both compounds and the multivariate results reveal that the 1 × 1 s measurement is too short for the proper identification of Prussian blue. In particular, the large difference in scattering efficiency between vermillion and Prussian blue seems significant. When dealing with weak Raman scatters, no good-quality image is obtained. On the other hand, it is proved that while measuring for only 9 s on each point, a relatively good image can be acquired. Despite these results, the total measurement time is also largely influenced by the system repositioning time: at each spot the system needs to reposition, which requires valuable time.
Conclusion and perspectives
Although the development is a challenging task, the first steps towards an in situ Raman mapping system are very promising. Challenges of focusing, system positioning, software development and data processing are well discussed. As the positioning needs to be accurate and as sometimes the samples are too large and fragile to be moved, a motorized stage was developed, operated with the in-house software, to move the probeheads of the instrument. Next to this, the crucial steps for the creation of a Raman map such as visualization and extraction are described, based on the Raman analysis of a porcelain card. The extraction of variables can be performed in a univariate (monitors one variable per spectrum) or multivariate way. The latter proved to be helpful when dealing with low quality spectra. At this stage, the system still requires improvement before being applicable in the field. Issues such as autofocus, roughness and complexity of a sample still need to be encountered. In a later phase, the in situ Raman mapping system can be tested and optimized for applications, other than art objects. Questions concerning homogeneity, complexity of composition, degradation phenomena, not only rise in cultural heritage applications but also in pharmaceutical sector, gemology, astrobiology, etc. So further tests on different materials will help in final improvement of the system.
